Asian Spine J 2018;12(4):775-783 • https://doi.org/10.31616/asj.2018.12.4.775 Asian Spine Journal Asian Spine Journal Correction of the overall coronal and/or sagittal plane deformities is one of the main predictors of successful spinal surgery. In routine clinical practice, spinal alignment is assessed using several spinal and pelvic parameters, such as pelvic incidence and tilt, sacral slope, lumbar lordosis, thoracic kyphosis, and sagittal vertical axis. Standard values have been defined for all these parameters, and the formulas of correction have been set for determining the surgical strategy. However, several factors can potentially bias these formulas. First, all standard values are measured using conventional plain radiographs and are, therefore, prone to bias. The radiologist, measuring surgeon, and patient are possible confounding influencing factors. Second, spino-pelvic compensatory effects and biomechanically relevant structures for the patient's posture, including ligaments, tendons, and muscles, have received minimal consideration in the literature. Therefore, even in cases of appropriately planned deformity correction surgeries, complications, revision rates, and surgical outcomes significantly vary. This study aimed to illustrate the current clinical weaknesses of the assessment of spinal alignment and the importance of holistically approaching the musculoskeletal system for any spinal deformity surgery. We believe that our detailed insights regarding spinal, sagittal, and coronal alignments as well as the considerations of an individual's spinal balance will contribute toward improvement in routine patient care.
Introduction
In the classic anatomical literature, the shape of the lumbar spine was considered to be standardized and uniformly lordotic between the first and fifth lumbar vertebrae [1] . However, recent radiological studies have revolutionized the anatomical and clinical understanding of the lumbar spine and have demonstrated that whole spino-sacral morphology and orientation may considerably vary even in asymptomatic patients [2, 3] . Early studies have demonstrated that, in the standing position, the spatial orientation and morphology of different anatomical entities (e.g., the femur, pelvic bones, sacrum, and lumbar spine) are closely interrelated and those of one entity affect those of the adjacent entities [3, 4] . For example, the individual pelvic incidence is closely correlated with the sacral slope and pelvic tilt and, thus, with the individual amount of lumbar lordosis.
The interrelationships among the femur, pelvic bones, sacrum, and lumbar spine [3, 4] result in different sugges-tions for the classifications of sagittal alignment. Roussouly et al. [5] proposed one of the most influential and widely employed classification systems based on four elementary types of sagittal alignment that differ, for example, in the sacral slope and the resultant segmental and total amount of lordosis [5] . A recent study has shown that these anatomical interrelationships and the resultant classification systems, commonly called "sagittal balance" [6] , have major implications for the pathogenesis of different degenerative pathologies and their treatment. Therefore, standard values for all these parameters have been defined, and formulas of correction have been established to help make a decision regarding the surgical strategy. However, several factors can potentially bias these formulas and values.
The purpose of this study was to illustrate the current strategies for the assessment of spinal deformities in clinical practice and patient outcomes after corrective surgery. Further, we identified relevant misconceptions and limitations that may explain the unsatisfactory clinical results. Further, to overcome the existing limitations, functional analyses that should be considered while deciding the surgical strategy are discussed.
Current Strategy for Determining Sagittal Spinal Alignment and Surgical Correction
Physiological spinal alignment, first introduced by Vaz et al. [3] , is defined as a balanced position between the pelvis and the spine in the sagittal and coronal planes, as that while standing with the knees and hips comfortably extended, the shoulders neutral or flexed, the neck neutral, and the gaze horizontal. To standardize the capture of the current state of a patient's alignment or misalignment [7, 8] and more precisely assign patients to appropriate treatments [9, 10] , recent studies have defined different anatomical parameters such as pelvic incidence, pelvic tilt [11, 12] , vertical plumb line [13] [14] [15] , lumbar lordosis [16] [17] [18] , and sacrum orientation [19, 20] . Pelvic incidence is a measure of the sagittal orientation of the sacrum relative to the acetabula and is independent of posture ( Fig. 1) . It is stable in adults; however, inter-individual differences exist. In contrast, all other parameters can compensate, depending on the spinal deformity. These parameters have been previously investigated, particularly during the last decade, and several authors have defined standard values defining the optimal balance for spinal alignment. The following spino-pelvic parameters are suggested for healthy adults without any spinal disorder, describing a spinal sagittal balance [21, 22] : pelvic incidence, 56°±10° for women and 53°±10.6° for men; sacral slope, 43.2°±8.4° for women and 41°±8.5° for men; pelvic tilt, 13.6°±6° for women and 13°±6° for men; and lumbar lordosis, 36.1°±13.2° for women and 30.5°±8.2° for men. Similar findings were reported by Vaz et al. [3] who found a statistically significant correlation (Pearson's bilateral test) between pelvic incidence and sacral slope (r=0.86), pelvic incidence and lumbar lordosis (r=0.69), pelvic incidence and pelvic tilt (r=0.59), sacral slope and lumbar lordosis (r=0.75), and lumbar lordosis and thoracic kyphosis (r=0.36).
To evaluate the global spinal balance, different measurements have been proposed. The most commonly used index is the C7 plumb line, which is a vertical line originating at the center of the C7 vertebral body with respect to the posterior superior corner of S1 [13] . This line should pass through the superior endplate of S1, or more precisely within approximately 2 cm of the posterosuperior corner of the S1 vertebral body [23, 24] . The position of this line is then termed positive (the plumb line passes >2 cm in front of the posterosuperior corner of the S1), neutral (the plumb line passes within 2 cm in front of the posterosuperior corner of the S1) or negative (the plumb line passes >2 cm behind the posterosuperior corner of the S1).
Current investigations on patients with spinal deformities suggest a close relationship between the aforementioned balance parameters and the quality of life (QoL) of patients [25] . Knowledge on the QoL aspects that are most affected by a particular disease helps researchers and clinicians in identifying disease-related problems that may be inadvertently omitted in research and clinical practice. Recently, methods for calculating the extent of deformity correction have been published (e.g., the exact method of Ondra, the FBI method of Le Huec, and the spinofemoral angle method of Lamartina), suggesting invasive procedures such as osteotomies to achieve the complete restoration of spinal alignment [26] . These methods have been demonstrated to yield different preoperative values of lordosis correction [26] . However, the most accurate method for calculating the necessary amount of correction required in sagittal imbalance surgery has not been identified. Consequently, complications and revision rates after these procedures are considerably high [27, 28] , and the positive predictive value of sagittal balance correction is only approximately 75% [29] . The consequences of these failed interventions are frequently associated with adjacent segment degeneration and fractures as well as implant failures, followed by re-operations. Currently, surgical outcomes remain unsatisfactory for patients and surgeons, which raises the question whether the current methods of sagittal alignment evaluation are correct and the current surgical planning strategy adequate.
Possible Reasons for the Failure of the Current
Sagittal Deformity Correction Strategy
Radiological measurement errors
Spinal alignment evaluated using a single lateral radiograph appears simplistic, and the accuracy of this method warrants critical reevaluation. Recent research has demonstrated that a slight rotation of the patient in the lateral projection significantly influences the value of spinal alignment parameters and changed arm positioning leads to a similarly strong bias [4, [30] [31] [32] . Our investigations [33] revealed that 51% of the 353 asymptomatic subjects displayed variations of 10%-20% in lumbar lordosis in six repeated standing phases and 29% showed variations of >20%. In sacrum orientation, 53% of the asymptomatic subjects displayed variations of >20% and 31% showed variations of >30%. The reproducibility of repeated standing phases remained unaffected by age, sex, height, and body weight of patients. Patients with low back pain (LBP) displayed variability similar to that displayed by the asymptomatic cohort. The number of standing phases performed had no positive effect on the reproducibility. Therefore, the variability in standing is not predictable but is random and, thus, does not reflect any individual specific behavioral pattern that can be improved by methods such as repeated standing phases. Given the high impact of a reproducible posture, several authors have provided practical recommendations for patient positioning during radiography. Dewi et al. [34] suggested a balancing plate that comprises a square board with a cylindrical disk at the center point attached at the center of the bottom. This design was aimed at realizing a forced balance in the sagittal and frontal planes. The balancing effect from the device forces the subject to stand in a balanced manner and directs the posture in a specific upright position. The authors demonstrated greater reproducibility when the balancing plate was used than that when standing on the ground by grasping a supporting bar. However, the position during standing on such an apparatus is not comparable to a naturally relaxed standing position. Moreover, Koreska et al. [35] implemented the "Throne" to reproduce the positioning of patients. However, this device only enabled the patient to be imaged in a sitting position, while the current standardized method for curvature measurement using radiography requires the patient to be in the standing position.
The patient's mental state also strongly affects the posture during radiologic imaging. An examiner can readily provoke a change in sagittal alignment by asking the patient to stand straighter. Depending on the routine method of the radiologist and the manner in which the patient is instructed, images can substantially vary even when the procedure is performed on the same individual. Spinal alignment is also influenced by the underlying disease. An example of this is a reversible positive sagittal imbalance in patients with symptomatic disc herniation [36] . Further, Suzuki et al. [37] suggested that positive sagittal balance decreases the epidural pressure through venous decompression, thereby causing patients to reflexively assume a more flexed posture. Therefore, functional-and posture-dependent back and leg pain appear important; however, the influence of these factors in evaluating sagittal alignment is currently underestimated.
Recent developments, including the EOS system (Biospace, Paris, France), have made it possible to obtain remarkable images to evaluate spinal deformities. EOS has been developed for orthopedic imaging and offers the benefit of the simultaneous measurement of posteroanterior and lateral images, allowing the three-dimensional (3D) reconstruction of the spine, pelvis, and lower limbs in an upright, weight-bearing (standing, seated, or squatting) position [38] . This system is indicated for pathologies that change under load, where the rotational deformity is relevant, or where radiation exposure is a concern because of the need for repeated radiographic imaging (the irradiation is 50%-80% less than that in conventional radiography [39] ). However, currently, limited data are available about the clinical effectiveness of EOS. While the radiation dose is a concern for patients who require repeated imaging and appears to be a clear advantage offered by EOS over the standard radiographic technology, it is difficult to quantify the reductions in the radiation dose with this system in terms of patient health benefits [40] . While the accuracy of the 3D reconstruction obtained with EOS is equivalent to that obtained with twodimensional (2D) radiography images and computed tomography scans [41] [42] [43] , the extraction of information is considerably more difficult from 3D images than from 2D images. Furthermore, manual measurement in 3D images requires navigation through a 3D image, which may be time consuming and difficult to interpret. However, the main limitations are that sagittal alignment parameters were developed for 2D images and transferred without modification to 3D images, which raises pertinent doubts regarding the usefulness of a new, expensive system, and the above-mentioned uncertainties for parameter acquisition from 2D images also apply to that from 3D images. Moreover, in the future, there is a need to develop automatic or robust methods of medical imaging that are cost effective and involve lower radiation exposure for evaluating spinal parameters. Finally, the above-mentioned problems related to a standardized and reproducible posture during radiography remain unresolved.
Several research groups currently use EOS; this is sometimes used in association with other imaging modalities or gait analysis for better diagnosis, treatment planning, and outcome. These studies are currently ongoing or are in the planning stage, and their findings may have important future implications.
We conclude that determining the necessary surgical correction using a single lateral radiograph is prone to biased measurements. Inter-and intra-individual differences and spine flexibility should be considered, and novel techniques for alignment evaluation should be developed.
Non-spinal bias of sagittal alignment
Sagittal spinal alignment does not depend only on the bony structures of the pelvis and the spine. When evaluating spinal alignment, changes in all parts and tissues of the musculoskeletal system, comprising the bone, muscle, cartilage, tendons, ligaments, and joints, must be considered. Therefore, the success of sagittal deformity correction also depends on non-spinal and non-pelvic confounding factors. Particularly, these considerations are crucial for patients with systemic disease. For example, corrective spinal surgeries performed in patients with neurodegenerative diseases, including Parkinson's disease, may fail after spinal alignment correction. The disease severity correlates with spinal deformity, and failure rates are considerably high [44] . Therefore, spinal alignment cannot be successfully corrected if the underlying disease is not simultaneously treated. Another example demonstrating the importance of a holistic approach to any spinal deformity is one with degenerative disease of the adjacent joints, including the hip [45] .
Evaluation and interpretation of compensatory effects
The bilateral aspect of spinal alignment and the muscular/ musculoskeletal system becomes more apparent when considering the compensatory effects. It is well established that patients with positive sagittal plane deformities compensate not only through the spine (hyperlordosis of the cervical spine, reduction of thoracic kyphosis, retrolisthesis, and hyperextension of the lumbar spine) and pelvis (pelvic backtilt) but also through the adjacent joints, including the hip (extension), knee (flexion), and ankle (extension). The formulas for calculating the correction attempt to address these compensatory mechanisms by adding degrees to the correction. The vice versa alignment adaptations are relevant for any patient to compensate for a spinal correction procedure. However, to our knowledge, thus far, the patient's ability to compensate for the correction postoperatively has not been considered in any study. In addition, neither clinical nor radiological evaluation methods of such compensatory capabilities have been established. Furthermore, pelvic compensation is limited not only by its anatomical composition, including the bony range of motion in the hip joints, but also by contract musculature. In cases of severely shortened spinofemoral muscles (hamstring contractures), complete compensation cannot be achieved. Therefore, compensatory capabilities significantly vary between individuals and decrease, particularly with aging, as illustrated in Fig. 2 .
We may consider a different perspective wherein the soft tissue changes are the actual underlying cause of the development of sagittal misalignment over time. In this case, spinal misalignment would represent a bony adaptation to the soft tissue changes. By the correction of the bony skeleton, a new stimulus toward adaptation and, therefore, decompensation would be generated. Few current biomechanical models have considered this.
Mental status and the associated factors more frequently influence the ability to compensate for surgical spinal alignment correction than soft or hard tissues. Patients have an intrinsic perspective regarding their individual postures, and they become accustomed to this over time. Similar to much younger patients with adolescent scoliosis undergoing corrective surgery, they need to postoperatively learn about an upright and straight posture. If they are unable to learn this, they tend to revert to their previous gravity line, causing sagittal imbalance, adjacent level fractures, or implant failure.
In summary, there is a need to develop clinical and/ or biomechanical tools for better evaluation and for the further discrimination of soft and hard tissue compensatory abilities of the spine and its environment. Moreover, the existing biomechanical models need to be adapted to these compensatory abilities, for example, muscle contractures.
Future Research in the Assessment of Spinal Alignment
Although considerable advances have been made in the assessment of spinal alignment, limited clinical outcomes have suggested that further investigations are urgently needed. The following objectives should be an integral part of future research: (1) physiological aging process of the spine with regard to spinal alignment and body balance; (2) development of biomechanical assessment tools for functional spinal alignment; and (3) development of biomechanical models and tools for predicting individual compensatory possibilities and adapted correction planning. Before the analyses of deformity correction, research efforts should be directed toward the physiological aging process of the spine and the matching of individual spinal alignment and body balance. Current knowledge regarding age-related losses in lumbar spinal lordosis and positive sagittal balance in adults is limited [4, 7, 46] .
However, a physiologically positive balance in adults could change the threshold for, and the extent of, correction and explain the current high failure rate. This change might be attributable not only to the spine but also to the musculoskeletal system, as in contractures of the ischiocrural muscles or arthritis of the adjacent joints [47, 48] . This raises the question, "Are we overcorrecting patients?" Blondel et al. [49] demonstrated that postoperative patient alignment distribution was almost equal between successful restoration (neutral position), remaining positive (malalignment), and overcorrection. Moreover, the need for figure depicts (A) the physiological and balanced spinal alignment in a young adult, (B) the decompensated positive sagittal alignment of a patient with advanced age with a pelvic backtilt, a rigid thorax, and contractures of the hamstring and abdominal muscles, (C) the expected status after surgical correction and successful compensation (requires the patient's capability to achieve a pelvic fronttilt with an increase of the sacral slope and to secondary straighten the legs), and (D) proximal junctional failure following the inability to compensate as described. red arrows, musculature tension; green triangle, pedicle subtraction osteotomy; red circle, proximal fracture.
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information about the natural course of spinal alignment during aging becomes more apparent because acute proximal junctional failures correlate with preoperative positive sagittal balance [50] . In keeping with these findings, it has been demonstrated that the revision rate progressively increases as per the follow-up time [51] . Future research should be directed toward defining a sagittal profile according to the patient's age. Therefore, we propose to differentiate between sagittal alignment and spinal or body balance. Spinal alignment is assessed using standardized measurements and parameters that are important for inter-individual comparisons. The biomechanical evaluation of a patient's balance over a defined time and exercise may provide insights into an individual's balance profile. Individually matching both spinal alignment and balance may decrease the failure rates and lead to surgical success. Current assessment method of spinal alignment using a single static radiograph is not adequately accurate when considering spinal flexibility and the overall static and functional demands on the spine. Surgical treatment should be adapted as per these demands. Therefore, to plan a successful surgery, clinicians will require a more extensive analysis of the patient's functional spinal alignment. However, because numerous radiographies would be required, this would increase the radiation level to ethically unacceptable levels. Therefore, novel non-radiological techniques that can evaluate the spinal profile during regular daily life should be implemented in routine clinical practice. In a recent study on 208 asymptomatic subjects, we determined the shape of the lumbar spine over a period of 24 hours using a non-invasive measurement tool [52] . The mean lumbar lordosis was subsequently compared with the lordosis achieved during standing for short term, similar to radiological assessment. We found a difference of 23° in lumbar lordosis between short-term examinations and average "real-life" evaluations during the day, which clearly indicates that lumbar lordosis is highly dynamic during the day, and on an average, considerably lower over the entire day than that in the standing position alone. This basic knowledge is important for surgical planning and potential improvement of the understanding of outcomes of different interventions and postoperative problems.
Previously, sagittal spinal alignment was mainly studied in the standing position in association with factors such as aging and degenerative lumbar disease. However, with the development of modern computer technology, the sitting position has currently become the most common posture in workplace. Office workers reportedly spend 80% of their work time in the sitting position. Therefore, knowledge about the normal sitting sagittal spinal alignment is important for the long-term effects of the sitting position and for the prevention of LBP in daily life. Endo et al. [22] showed that lumbar lordosis decreased by approximately 50% and pelvic tilt increased by approximately 25% in the sitting position compared to those in the standing position.
Certain standardized movements should be measured to enable inter-individual comparisons. The human skeleton is a factor that influences body posture and spinal alignment. Measurements should evaluate not only structural differences related to the bones but also those related to soft tissues, particularly the muscles. Furthermore, recent studies have demonstrated the need to explore the relationship between reduced physical performance and the sensory and cognitive perceptions of pain. The results of these studies strongly support the hypothesis that spinal physical capacity in chronicity is not solely explained by the sensory perception of pain. The anticipation of pain and the fear avoidance belief about physical activities were the strongest predictors of variation in physical performance. Therefore, they should be integrated into the clinical assessment of chronic LBP.
However, conservative treatment fails in several patients with spine-related deformities, indicating surgical intervention. In such cases, in addition to planning the extent, type, and localization of corrections, the individual compensatory capabilities for the correction must also be preoperatively evaluated. Although Lazennec et al. [53] made initial attempts to measure pelvic compensatory effects in patients, to our knowledge, no standardized method has been established to estimate the overall individual correction potential. The development of biomechanical measurement tools and technologies for the evaluation and prediction of individual compensatory capabilities of the spine, pelvis, and legs is crucial. There is a question regarding whether all musculoskeletal compensatory capabilities can be summarized. This must equal or surpass the planned deformity correction. Thus, we suggest that the correction should be inversely proportional to the degree of rigidity of the deformity and the musculoskeletal environment.
In the future, combined clinical, radiological, psychological, and biomechanical analyses are warranted to thoroughly plan orthopedic spine deformity surgeries. Detailed insights into spinal alignment and individual spinal or body balance will facilitate clinicians to overcome the current limitations and improve routine patient care.
Conclusions
In past decades sagittal balance has been extensively studied and a high relevance in the surgical decision making process has been pointed out. However, critical evaluation of the ongoing research is warranted and established treatment strategies should be refined. Further research directions should identify current shortcomings regarding the compensatory potential of patients. In future, these could reduce specifically mechanical complications following deformity surgery. Furthermore the current spinal knowledge of alignment and balance should be extrapolated to the entire musculoskeletal system. The soft tissue, especially muscles and ligaments, should attract more attention.
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